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analysis of gradually varied ﬂow. In trapezoidal and parabolic channels, the governing equations
are highly nonlinear in the normal and critical ﬂow depths and thus solution of the implicit equa-
tions involves numerical methods (except for critical depth in parabolic channels). In current
research explicit solutions have been obtained using the non-dimensional forms of the governing
equations. For the trapezoidal cross section, the maximum error of critical ﬂow depth is less than
6 · 106% (near exact solution) and the maximum error of normal depth is less than 0.25% (very
accurate solution). The maximum error of normal ﬂow depth for parabolic cross section is also less
than 8 · 103% (near exact solution). Proposed explicit equations have deﬁnite physical concept,
high accuracy, easy calculation, and wide application range compared with the existing direct equa-
tions.
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Critical and normal depths play an important role in the design
of open channels and in the analysis of the gradually varied
ﬂow proﬁles. Determination of the critical and normal ﬂow
depths is an important task for efﬁcient hydraulic design and
hence many researches have been carried out in this subject.lty of Engineering, Ain Shams
g by Elsevier
y. Production and hosting by Elsev
02Trapezoidal open channels are widely used as drainage,
irrigation, urban storm water, water transmission [1]. Open
channels with parabolic cross-sections are often a quite good
approximation of the real geometry of natural rivers. Technol-
ogy is also available for constructing this shape of channels.
There is no analytical solution to explicitly compute the normal
water depths in trapezoidal and parabolic open channels; also
there is no analytical solution for critical depth in trapezoidal
open channels. Any effort for presenting direct water depth cal-
culation with high accuracy would be of practical importance.
These depths are presently obtained by numerical method,
manual trial-and-error method (time-consuming), graphical
method (low accuracy owing to its log-scale representation)
or by using explicit regression-based equations. Various explicit
equations for determining the critical and normal depths haveier B.V. All rights reserved.
Notations
A cross section area of ﬂow (m2)
B bottom width (m)
g gravitational acceleration (m/s2)
k parameter (m1)
n Manning roughness coefﬁcient (m1/3 s)
P wetted perimeter (m)
Q channel discharge (m3/s)
S0 channel longitudinal bed slope (m/m)
s2 non-dimensional ﬂow depth [=4ky]
sn0 initial guess of sn
s2n non-dimensional normal ﬂow depth [=4kyn]
T width of the channel at the water surface (m)
tc non-dimensional critical ﬂow depth [=(2gc + 1)
1/
3]
tc0 initial guess of tc
tn non-dimensional normal ﬂow depth [=(2gn + 1)]
tn0 initial guess of tn
X abscissa (m)
y ﬂow depth (m)
Y ordinate (m)
yc critical ﬂow depth (m)
yn normal ﬂow depth (m)
R hydraulic radius (m)
z side slopes of the channel (1 vertical and z
horizontal)
z\ non-dimensional parameter which is a function of
side slope [=z/(1 + z2)1/2  1]
a energy correction factor
m kinematic viscosity (m/s2)
k unit conversion constant
gc non-dimensional critical ﬂow depth (=zyc/B)
ec non-dimensional discharge for critical ﬂow depth
computations in the trapezoidal channel
en non-dimensional discharge for normal ﬂow depth
computations in the trapezoidal channel
bn non-dimensional discharge for normal ﬂow depth
computations in the trapezoidal channel
dn non-dimensional discharge for normal ﬂow depth
computations in the parabolic channels
gn non-dimensional normal ﬂow depth (=zyn/B)
gnt non-dimensional normal ﬂow depth (=yn/B)
gnt0 initial guess of gnt
e channel surface roughness (m)
Subscript
‘‘c’’ denotes the condition of the critical state of ﬂow
‘‘n’’ denotes the condition of the uniform state of ﬂow
‘‘0’’ denotes the initial guess for ﬂow depth computations
18 A.R. Vatankhahbeen developed for trapezoidal cross-section with various de-
grees of estimation errors and different application range
[among them: 2–12]. The main focus of this research is on accu-
rate explicit solutions for a wide practical range. In current re-
search, using the ﬁxed-point and Newton–Raphson methods,
accurate and direct relationships have been developed to deter-
mine the critical and normal depths of trapezoidal and para-
bolic cross sections. Proposed solutions cover entire practical
range using appropriate initial guesses. Using suitable initial
guesses, explicit equations for critical and normal depths are
derived. The proposed solutions are preferable to previous pre-
sented solutions in terms of both accuracy and simplicity.
2. Geometric properties
Fig. 1a depicts a trapezoidal channel with subcritical ﬂow re-
gime (most probable regime encountered in practice) and its
cross section. In gradually varied ﬂow computations, also de-
sign and operation of open channels it is required to determine
normal ﬂow depth, yn, and critical ﬂow depth, yc. According to
Fig. 1a for a regular trapezoidal channel with equal side slopes,
applicable equations are as follows
A ¼ ðBþ zyÞy ð1Þ
P ¼ Bþ 2y
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z2
p
ð2Þ
T ¼ Bþ 2zy ð3Þ
where A= cross section area of ﬂow (m2), B= bed width (m),
z= side slopes of the channel (1 vertical and z horizontal),
y= ﬂow depth (m), P=wetted perimeter (m), and T=widthof the channel at the water surface (m). For a non-symmetric
cross section, the side slopes are z1 and z2 and thus Eqs. (1)–
(3) convert to below forms
A ¼ Bþ z1 þ z2
2
y
 
y ð4Þ
P ¼ Bþ y
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z21
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ z22
q 
ð5Þ
T ¼ Bþ ðz1 þ z2Þy ð6Þ
In current research a symmetric trapezoidal cross section
(in which z „ 0) is considered but the results are applicable
for a non-symmetric cross section as well.
A parabolic channel (Fig. 1b) is described by below
equation
Y ¼ kX2 ð7Þ
where Y= ordinate (m); X= abscissa (m); and k= a param-
eter for which the function takes different shapes. Note that,
the unit of k is m1. The ﬂow area of the channel, A, for the
ﬂow depth, y, can be computed as
A ¼ 2
Z ﬃy
k
p
0
ðy kX2ÞdX ¼ 4
3
ﬃﬃﬃ
k
p y3=2 ð8Þ
The wetted perimeter, P, is also obtained as follows:
P ¼ 2
Z ﬃy
k
p
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 4k2X2
p
dX ¼ s
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sp þ lnðsþ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ sp Þ
2k
ð9Þ
where s2 = 4ky.
Top width of the water surface, T, can also be expressed as
Figure 1 Longitudinal proﬁle and cross-section geometry for (a) trapezoidal open channel and (b) parabolic open channel.
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k
p y1=2 ð10ÞFigure 2 Non-dimensional normal ﬂow depth tn vs. non-3. Governing equations and their non-dimensional forms
The critical ﬂow condition in an open channel is described by
the following equation [12]:
a
Q2Tc
gA3c
¼ 1 ð11Þ
where the subscript ‘‘c’’ denotes the condition of the critical
state of ﬂow and a= energy correction factor, Q= channel
discharge (m3/s) and g= gravitational acceleration (m/s2).
The Manning equation for uniform ﬂow in an open channel
with hydraulically rough surfaces is also given by [13]
Q ¼ kA
5=3
n S
1=2
0
P2=3n n
ð12Þ
where the subscript ‘‘n’’ denotes the condition of the uniform/nor-
mal state of ﬂow and, k= unit conversion constant, 1.0 (SI), 1.49
(CU),S0 = channel longitudinal bed slope (m/m), and n=Man-
ning roughness coefﬁcient (m1/3 s). It should be noted that the
channel surface roughness e for the establishment of hydraulically
rough ﬂow should be greater than 30 m [Q(gS0)
2]0.2 in which
m= kinematic viscosity [14].MoreoverManningequation is valid
for 0.004 6 e/R 6 0.04 where R is the hydraulic radius deﬁned as
the ratio of ﬂow area to the ﬂow perimeter [15].
4. Trapezoidal open channel
Substituting for A and T from Eqs. (1) and (3) into Eq. (11),
the critical ﬂow equation can be written in non-dimensional
form as
t6c  ectc  1 ¼ 0 ð13Þ
where tc = (2gc + 1)
1/3, gc = zyc/B and
ec ¼ 4 az
3Q2
gB5
 1=3
ð14ÞEq. (13), which combines all variables into two non-dimen-
sional variables, tc (non-dimensional critical ﬂow depth) and ec
(non-dimensional discharge) is very appropriate for practical
purposes as will be shown. To provide the user with a direct
equation for determining the critical ﬂow depth, the inversion
of Eq. (13) will be performed using the Newton–Raphson iter-
ative method.
Similarly substituting for A and P from Eqs. (1) and (2) into
Eq. (12), the Manning formula can be written in non-dimen-
sional form as
t2n  enðz þ tnÞ2=5  1 ¼ 0 ð15Þ
where tn = (2gn + 1), gn = zyn/B, z\ = z/(1 + z
2)1/2  1(1
6 z\ 6 0) and
en ¼ 4 zð1þ z
2Þ1=3nQ
kS1=20 B
8=3
 !3=5
ð16Þ
Eq. (15), which combines all variables of the Manning for-
mula into three non-dimensional variables, is very appropriate
for practical purposes as will be shown. A graphical illustra-
tion of Eq. (15) is depicted in Fig. 2 showing the variation of
non-dimensional normal depth tn in terms of non-dimensional
discharge en for different values of z. A perusal of Fig. 2, re-
veals that by considering z into the non-dimensional discharge
en the non-dimensional normal depth tn is not very sensitive todimensional ﬂow discharge en for different values of side slope z.
Figure 3 Percentage error on approximation of critical ﬂow
depth yc in trapezoidal open channels using proposed Eq. (22).
Figure 5 Percentage error on approximation of normal ﬂow
depth yn in parabolic open channels using proposed Eq. (32).
Figure 4 Percentage error on approximation of normal ﬂow
depth yn in trapezoidal open channels using proposed Eq. (29).
20 A.R. Vatankhahside slope. To provide a direct equation for determining the
normal ﬂow depth, the inversion of Eq. (15) will be performed
using the ﬁxed-point iterative method.
5. Parabolic open channel
Substituting for A and T from Eqs. (8) and (10) into Eq. (11),
the critical ﬂow equation can be obtained as
yc ¼
27kaQ2
32g
 1=4
ð17Þ
This solution is a special case of the solution presented by
[16] for power-law section.
Similarly substituting for A and P from Eqs. (8) and (9) into
Eq. (12), the Manning formula can be written in non-dimen-
sional form as
s15=2n  dn lnðsn þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn
p
Þ þ sn
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn
p 
¼ 0 ð18Þ
where sn = (4kyn)
1/2 and
dn ¼ 18nk
8=3Q
31=3kS1=20
 !3=2
ð19Þ
Eq. (18), which combines all variables into two non-dimen-
sional variables, sn (non-dimensional normal ﬂow depth) and
dn (non-dimensional discharge) is very suitable for practical
purposes as will be shown. To provide a direct equation for
determining the normal ﬂow depth, the inversion of Eq. (18)
will be performed using the ﬁxed-point iterative method.
6. Proposed direct solution for critical ﬂow depth in a
trapezoidal open channel
In the following, using the Newton–Raphson iterative method,
for given values of the non-dimensional ﬂow discharge ec, the
non-dimensional critical ﬂow relationship, Eq. (139), is numer-
ically inverted to compute the corresponding non-dimensional
critical ﬂow depth, tc. Applying the Newton–Raphson method
to Eq. (13) one reads
tc ¼ tc  t
6
c  ectc  1
@
@tc
ðt6c  ectc  1Þ
ð20Þ
To eliminate iterative calculations, and achieve an accurate
direct solution, Eq. (20) must be started from a proper initial
guess, tc0, as below
tc ¼ 5t
6
c0 þ 1
6t5c0  ec
ð21Þ
Eq. (21) can be written as
gc ¼ 
1
2
þ 1
2
5t6c0 þ 1
6t5c0  ec
 3
ð22Þ
It is worth noting that the initial guess tc0 is only a function
of ec. Using Excel Solver with the aim of minimizing the max-
imum percentage error of critical ﬂow depth, below equation is
proposed for initial guess tc0
tc0 ¼ f1þ 1:161ecð1þ 0:666e1:041c Þ0:374g0:144 ð23Þ
From gc = zyc/B, it can be seen that the non-dimensional
critical depth gc has the same accuracy as yc. The maximum
percentage error of critical depth yc [100 · (gcexact  gcesti-
mated)/gcexact] associated with Eq. (22) is less than 6 · 106%
as shown in Fig. 3.Recently, Vatankhah and Easa [11] obtained an equation in
the range of ec e [0,25] with the maximum relative error less
than 0.07% as
gc ¼ 0:25ecð1þ 0:2722e1:041c Þ0:339 ð24Þ
Wang [17] also developed an explicit equation in the range
of ec e [0,1], using the ﬁxed point iteration method, as below
gc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ ecð1þ ecÞ0:2
q
 1
2
ð25Þ
The maximum percentage error associated with Eq. (25) is
less than 1%.
Eqs. (24) and (25) are very simple and easy to remember
and may be used when very accurate results are not needed.
7. Proposed direct solution for normal ﬂow depth in a
trapezoidal open channel
In the present study, for given values of non-dimensional ﬂow
discharge en and side slope z (or z\), the non-dimensional
Table 1 Explicit solutions for normal and critical depths in trapezoidal and parabolic open channels.
Non-dimensional governing equation Proposed explicit solution Maximum error (%) Limitation
of application
Trapezoidal cross section Critical ﬂow depth bc ¼ g
3
c ð1þgcÞ3
1þ2gc
gc ¼ 12 ½1þ ð1þ 4b1=3c f1þ 4b1=3c
½1þ 4b1=3c ð1þ 4b1=3c Þ1=51=6g1=6Þ1=2
0.015 None
Wang [4]
gc ¼ zycB ; bc ¼ ec4 ¼ az
3Q2
gB5
 1=3
Critical ﬂow depth (Wang et al. [17]) gc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þecð1þecÞ0:2
p
1
2 1 None
Critical ﬂow depth (Vatankhah and
Easa [11])
t6c  ectc  1 ¼ 0
tc ¼ ð2gc þ 1Þ1=3; gc ¼ zycB gc ¼ 0:25ecð1þ 0:2722e
1:041
c Þ0:339 0.07 0 6 ec 6 25
ec ¼ 4 az3Q
2
gB5
 1=3
Critical ﬂow depth (current research)
gc ¼  12þ 12
5t0:864
c0
þ1
6t0:720
c0
ec
 3 6 · 106 None
tc0 ¼ 1þ 1:161ecð1þ 0:666e1:041c Þ0:374
Normal ﬂow depth (Vatankhah and
Easa [11])
bn ¼ g
5=3
nt ð1þzgntÞ5=3
ð1þ2gnt
ﬃﬃﬃﬃﬃﬃﬃ
1þz2
p
Þ2=3 gnt ¼
b3=5n ð1þ2gnt0
ﬃﬃﬃﬃﬃﬃﬃ
1þz2p Þ2=5
1þzgnt0
0.7% 0 6 z 6 3
gnt ¼ ynB ; bn ¼ nQkS1=2
0
B8=3
 3=5
gnt0 ¼ 1þ0:856b
3=5
n ð1þz1:263Þð10:0585zb3=5n Þ
b3=5n þ1:945z
0 6 gnt 6 1
Normal ﬂow depth (current research) t2n  enðz þ tnÞ2=5  1 ¼ 0
tn ¼ ð2gn þ 1Þ; gn ¼ zynB ;
z ¼ zﬃﬃﬃﬃﬃﬃﬃ1þz2p  1 gn ¼  12þ 12
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ ent0:55n0
q
Þ0:4
r
en ¼ 4 zð1þz
2Þ1=3nQ
kS1=2
0
B8=3
 3=5
tn0 ¼ 0:885z þ 0:98 1þ enðzþ1:05Þ0:033
 0:465 0.25 zP 0.25
Parabolic cross section Normal ﬂow depth (current research) s15=2n  dnðlnðsn þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn
p Þ
þsn
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn
p Þ ¼ 0
sn ¼ d2=13n ðlnðsn0 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn0
p Þ1=sn0
þ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ sn0p Þ2=13
8 · 103 0 6 sn 6 200
sn ¼ ð4kynÞ1=2; dn ¼ 18nk
8=3Q
31=3kS1=2
0
 3=2 sn0 ¼ 1þ1:12d0:167nð1:16þ0:947d0:177n Þ0:841
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22 A.R. Vatankhahuniform ﬂow relationship, Eq. (15), is numerically inverted to
compute the corresponding non-dimensional normal depth, tn.
The inversion is done using ﬁxed-point iterative method. Here-
in a suitable arrangement of Eq. (15) in the form of Eq. (26) is
used.
tn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ tnÞ0:4
q
ð26Þ
Applying one iteration in Eq. (26), this equation takes the
form
tn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ tnÞ0:4
q
Þ0:4
r
ð27Þ
To achieve an accurate solution, Eq. (27) must be started
from an appropriate initial guess, tn0, as follows:
tn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ tn0Þ0:4
q
Þ0:4
r
ð28Þ
Eq. (28) may be written as
gn ¼ 
1
2
þ 1
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ enðz þ tn0Þ0:4
q
Þ0:4
r
ð29Þ
Note that the initial guess tn0 is a function of en and z\.
Using the curve ﬁtting method, the following regression-based
equation is proposed for computing the initial guess tn0.
tn0 ¼ z
þ 0:885z þ 0:98 1þ enðz þ 1:05Þ0:033
 !0:4650@
1
A
1:375
ð30Þ
From gn = zyn/B, it can be seen that the non-dimensional
normal depth gn has the same accuracy as yn. The maximum
relative error of normal depth yn [100 · (gnexact  gnestimated)/
gnexact] involved in Eq. (29) is less than 0.25% in the practical
range (zP 0.25) as shown in Fig. 4.
8. Proposed direct solution for normal ﬂow depth in a parabolic
open channel
For given values of non-dimensional ﬂow discharge dn, the
non-dimensional uniform ﬂow relationship, Eq. (18), is numer-
ically inverted to compute the corresponding non-dimensional
normal depth, sn. The inversion is done using ﬁxed-point iter-
ative method. An appropriate arrangement of Eq. (18) in the
form of Eq. (31) is used.
sn ¼ d2=13n ln sn þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn
p 1=sn þ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1þ snp
 2=13
ð31Þ
It is important to note that the right hand side of Eq. (31)
goes to d2=13n when sn approaches zero. To achieve an accurate
solution, Eq. (31) must be started from an appropriate initial
guess, sn0, as follows:
sn ¼ d2=13n lnðsn0 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn0
p
Þ1=sn0 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ sn0
p 2=13
ð32Þ
Note that the initial guess sn0 is a function of dn. Using the
curve ﬁtting method, the following regression-based equation
is proposed for computing the initial guess sn0.
sn0 ¼ 1þ 1:12d
0:167
n
ð1:16þ 0:947d0:177n Þ0:841
ð33ÞFrom sn = (4kyn)
1/2, it can be seen that the non-dimensional
normal ﬂow depth gn has not the same accuracy as yn. The max-
imum relative error of normal depth yn 100 s2n exact

s2nestimatedÞ s2n exact
	  involved in Eq. (32) is less than
8 · 103% in the practical range (0 6 sn 6 200) as shown in
Fig. 5. Note that the relative error of yn is twice the relative error
of sn.
Achour and Khattaoui [18] derived three direct solutions
for three practical range of sn. The maximum relative error
of the proposed solution for normal depth yn in the practical
range of 1 6 sn 6 16 is about 2%.
It should be noted that proposed explicit solutions for the
normal ﬂow depth are based on the Manning formula which
is implicitly assumed to be an accurate representation of the
empirical data [19]. Therefore, the proposed solution may
not be accurate under conditions for which the Manning for-
mula is not accurate, such as in narrow open channels.
Table 1 presents a summary of the proposed explicit solu-
tions in current research and some existing explicit solutions
for trapezoidal and parabolic cross sections. Table 1 clearly
indicates that the proposed solutions in this study offer both
simplicity and accuracy compared with other solutions.
9. Conclusions
This research has presented explicit solutions of the normal and
critical depths for trapezoidal and parabolic open channels.
Non-dimensional forms of the governing equations (Eqs. (13),
(15), and (18)) are very powerful tools for developing general ex-
plicit regression-based equations. The explicit equations are
developed using the ﬁxed-point andNewton–Raphsonmethods
and via regression analysis based on the practical ranges of the
corresponding non-dimensional variables to obtain a suitable
initial guess. The appropriate functional form of the regression
equation for initial guess is determined by evaluating different
mathematical functions and selecting the one that minimizes
the maximum percentage error. The maximum relative error
of the proposed explicit equations is less than 0.25%. The pro-
posed direct equations exhibit both simplicity and accuracy.
The author hoped that the efﬁcient equations presented in this
study are useful in the design and analysis of the trapezoidal
and parabolic open channels.
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